TiO 2 fibers were prepared through electrospinning of poly methyl methacrylate (PMMA) and titanium isopropoxide (TIP) solution followed by calcination of fibers in air at 500 ∘ C. Cetyltrimethylammonium bromide (CTAB) protected palladium nanoparticles (Pd NPs) prepared through reduction method were successfully adsorbed on the TiO 2 nanofibers (NF). Combined studies of X-ray diffraction (XRD), scanning electron microscope (SEM), and transmission electron microscope (TEM) indicated that the synthesized Pd/TiO 2 had anatase. BET indicated that the synthesized TiO 2 and Pd/TiO 2 had a surface area of 53.4 and 43.4 m 2 /g, respectively. The activity and selectivity of 1 mol% Pd/TiO 2 in the Heck reaction have been investigated towards the Mizoroki-Heck carbon-carbon cross-coupling of bromobenzene (ArBr) and styrene. Temperature, time, solvent, and base were optimized and catalyst was recycled thrice.
Introduction
The Heck coupling reaction (HR) is a single operational step reaction involving an aryl halide and an olefin (Scheme 1), in the presence of palladium catalyst, a solvent, and a base. HR can be used to produce fine chemicals such as detergents, plastics, pharmaceuticals, and polymers [1] [2] [3] [4] . The herbicide Prosulfuron6, the sunscreen agent 2-ethylhexyl p-methoxycinnamate, and Naproxen6, antiasthma agent Singulair6, are examples of compounds that have been produced on large scale [1] . 1-5% mole palladium species has commonly been used in homogenous system with palladium being generated by Pd 2+ salts with ligands such as Cl − , PPh 3 , dba, N-heterocyclic carbenes [5, 6] , phosphorus and/or oxygen based ligands [1, 7] , thiosemicarbazones [7] , and bis(thio)urea ligands [8] in the presence of organic and/or inorganic bases for neutralization of the reaction.
Homogenous catalysis efficiency has been limited by formation of black palladium precipitate, unstable catalysts, nonrecyclability of the catalyst, and use of expensive and hazardous reagents all leading to low percentage yields [1, 2, 5, 8] . To help address the problem of recovery and recycling of the catalyst, different support materials have been and are still being investigated. The most attractive is Pd on carbon or carbon nanotubes [9] [10] [11] : Pd on metal oxide such as MgO, Al 2 O 3 , ZnO, ZrO 2 , and TiO 2 [5, [12] [13] [14] [15] , Pd on zeolites [16] , Pd encapsulated in large organic structures (dendrimers) [17] , and Pd on block copolymer micelles [18] . The supports tend to arrest Pd on the surface of a solid material or in an organic matrix, making it possible to stabilize the catalytically active palladium species and prevent sintering.
Metal oxides have become the most lucrative Pd supports for heterogeneous catalysis due to their availability, low production costs, and photoinduced electron hole pairs on the surfaces of metal oxide which can be harvested to enhance electron transfer and their chemical reactivity [22, 23] . The first paper on heterogenous Heck catalysis of Pd supported on an inorganic support was reported in 1990 [19, 21] , reporting the coupling of chlorobenzene and styrene in the presence of Pd/MgO, methanol solvent, and sodium carbonate as a base at 150 ∘ C. Several other reports have since been made and Table 1  summarizes the literature on metal oxide support and Heck  reaction. Titania, a semiconductor, has attracted more research interest due to its large band gap ∼3.0-3.2 eV. From literature, Pd/TiO 2 catalyst for HR was previously prepared by impregnation of Titania followed by hydrogen reduction of palladium precursor. In 2011, Obuya and coworkers photodeposited Pd NPs of diameters within 2-5 nm on electrospun TiO 2 NF. In 2014, Nasrollahzadeh and his group dispersed 40 nm Pd NPs on commercial TiO 2 using simple drop drying process. The catalyst was used in ArI-styrene system at 140 ∘ C for 10 h. In a different method, Li and his team synthesized Pd/TiO 2 through adsorption method by pH control and applied it in the Heck system of and methyl acrylate in the presence of 0.1-0.5% Pd/TiO 2 catalyst and KOAc base and DMA solvent [12] . Generally, the reported results by the separate groups showed variation in products yield. This could probably be attributed to variation in bases and solvents used, percentage mole of palladium, and the method of preparing the support. The method of synthesizing Pd NPs for C-C coupling reactions has also remained an area of interest [5] .
This paper reports a simple and inexpensive method for preparation of heterogenous and reusable Pd/TiO 2 through electrospinning to produce high surface area fibers followed by palladium deposition-reduction. The efficiency of the synthesized catalyst was evaluated in a styrene-ArBr model Heck C-C coupling reaction.
Experimental Methods

Materials.
The synthesis and reactions were carried out using commercially available reagents. Poly methyl methacrylate (PMMA) Mw 996,000 by GPC crystalline, titanium isopropoxide (TIP), sodium acetate (NaOAc), bromobenzene (ArBr), styrene (99.0%), hydrazine monohydrate (N 2 H 4 64-65% reagent grade (98%), palladium acetylacetonate (Pd(acac) 2 ) (99.9%), dimethyl formamide (DMF), ethanol 99.8%, and methyl acrylate (99%) were purchased from Sigma and Aldrich. Anhydrous sodium carbonate (Na 2 CO 3 ) 99.5% was purchased from Promark Chemicals. Cetyltrimethylammonium bromide (CTAB), Molecular Biology Grade (99.0%), was purchased from Calbiochem5. All chemicals were used without any further purification.
Structural Characterizations of Catalyst.
The morphology of the nanoparticles of TiO 2 and Pd/TiO 2 was observed using a scanning electron microscope (SEM, Tescan, Japan) at an accelerated voltage of 20 kV. Prior to scanning by electron microscope, the samples were sputter-coated with carbon using a Jeol JFC-1200 fine coater. Elemental analysis or chemical characterization was done by X-ray powder diffractometer (XRD PANalytical X-Pert diffractometer with Cu-K radiation 1.54060Å; PANalytical BV, Netherlands). Brunauer−Emmett−Teller (BET) surface areas of the powders were determined by nitrogen adsorption at −196 ∘ C in the range of a relative pressure / 0 from 0.05 to 1. Samples were degaussed at 120 ∘ C for 7 h prior to nitrogen adsorption measurements. The surface area and pore size were analyzed on micromeritics ASAP 2020. The pore size distributions were obtained from the desorption branch of the isotherm using the Barret-Joyner-Halenda (BJH) procedure. TEM images were taken using JOEL, JEM 2100 Transmission Emission Microscope (TEM). The samples were sonicated in ethanol, placed on a copper grid, and left in the air for the solvent to evaporate. IR spectra were recorded on Perkin-Elmer 100 spectrophotometer FTIR series (Tokyo, Japan) measured as KBr pellets (1 : 10, sample/KBr). The instrument was set to scan from 400 cm −1 to 4000 cm −1 and the spectra were obtained. Concentrations of styrene and ArBr in the Heck reaction were determined using a Varian 3900 GC model, Netherlands, with a flame ionization detector (FID) and a Megabore column (length 25 m with 0.23 mm i.d.). The programme ran from 80 ∘ C to 240 ∘ C at a flow of 1.0 mL per min and a velocity of 24 cm min −1 .
Journal of Nanomaterials 3 The 1 H and 13 C spectra were referenced internally using the residual CDCl 3 and reported relative to the internal standard tetramethylsilane (TMS) and chemical shift values given in ppm. Inductively coupled plasma-optical emission spectrometer (ICP-OES), Spectro Arcos (Germany), was used to quantify the amount of Pd in the catalyst after the reaction. 2 Nanofibers. 100 mg/mL of PMMA in 2 : 3 DCM/DMF was magnetically stirred until a homogenous solution was obtained. TIP was added to the polymer solution in the ratio of 1 : 2 (PMMA : TIP) and the mixture stirred for 10 minutes. The resulting PMMA/TIP solution was then electrospun, at 18 kV and 18 cm using electrospinning equipment model Holmarc's HO-NFES-040. The spun fibers were then allowed to stand for 4 h at room temperature to dry off the solvents and to allow the hydrolysis of titanium (IV) hydroxide, Ti(OH) 4 , to go to completion. The dried material was then peeled off the aluminum foil and transferred to a ceramic boat for annealing in a Lindberg/Blue M, model number TF55035C-1 furnace. The fibers were annealed at 500 ∘ C for 3 h, in a continuous flow of air at a ramp rate of 10 ∘ C/min.
Synthesis of TiO
Synthesis of Pd/TiO
2 Nanofibers. CTAB protected and stabilized Pd NPs were prepared by modified Brust method [24] . 1.0 g of TIP and 1.1 g of CTAB were mixed with 40 mL of Toluene, sonicated for 20 minutes, transferred to a twoneck round bottomed flask, and refluxed at 40 ∘ C for 1 h. In a separate beaker 1% of Pd(acac) 2 with respect to TIP and 1.0 g of CTAB were dissolved in 20 mL of Toluene and sonicated for 30 minutes to make the precursor solution. Hydrazine monohydrate, N 2 H 4 60-65%, was added dropwise to reduce Pd 2+ to Pd 0 as shown in
The mixture turned from cream yellow to cream and finally formed a grey precipitate. The precipitate was immediately added to the TiO 2 solution and refluxed further for 1 h at 40 ∘ C. The mixture was then cooled to room temperature and the sample dried overnight in an oven at 70 ∘ C. The dry sample was then washed with ethanol, water, and acetone to remove the organic materials. The cleaned sample was then calcined in air at 500 ∘ C for 3 h to obtain Pd/TiO 2 .
Test of the Catalytic
Activity of Pd/TiO 2 . The Heck reactions of ArBr with styrene (Scheme 2) were carried out in a carousel (Radley's, UK), 12-port reaction under magnetic stirring at 600 rpm.
General Procedure for the Catalytic
Tests. 1 molar equivalent of a base with respect to ArBr was transferred to a tube followed by 4 mL solvent and 0.25 mL of n-decane as a GC internal standard. 12 mmol, 1.38 mL, of styrene was added followed by (10 mmol; 1.053 mL) of bromobenzene. 0.1 mL of the mixture was withdrawn and added to 1 mL of the solvent for GC-FID analysis at 0 . Pd/TiO 2 (0.05 mmol% with respect to ArBr) was added and the mixture placed on the carousel at 140 ∘ C for 6 h. After completion of reaction at time 6 , 0.1 mL of the crude product in 1.0 mL of the solvent was identified using GC-FID Varian CP 3900. Aliquots were removed from the reaction mixture with a filtering syringe and analyzed with an Agilent gas chromatograph (GC) equipped with a 30-m × 0.32 mm, 0.25 m film, HP-5 capillary column, and a FID detector. The GC program was as follows: initial temperature: 100 ∘ C, dwell time: 2 min, ramp: 10 ∘ C min −1 , final temperature: 300 ∘ C, and dwell time: 5 min. Conversion and selectivity were represented by product distributions (=relative area of GC signal) and GC yields (=relative area of GC-FID signals) referred to n-decane internal standard calibrated to the corresponding pure compound (Δrel < ±10%) and hence the percentage yield, TON, and TOF calculated relative to aryl halide. In separate control experiments, TiO 2 and Pd(acac) 2 were used as catalysts.
Purification of the Product.
After completion of the reaction, 10 mL EtOAc was added to the vessel and the catalyst separated by simple filtration. Water 3 × 15 mL was added to the EtOAc phase and separated using a separating funnel. The organic layer was dried under low pressure and vacuum. The resulting crude product was purified by column chromatography using hexane: EtOAc (30 : 70) giving the pure product which was analyzed by NMR spectroscopy.
Catalyst Optimization
Temperature Effects on Heck Reaction. A temperature range of 80-140 ∘ C was used based on reported reaction temperature values obtained from literature [5] .
Base Effect on Heck Reaction. Na 2 CO 3 , NaOAc, KOH, and Et 3 N were selected for screening, as they were found to be the most commonly used bases from literature. Selection of a base is necessary to ensure high turnover frequency for the catalyst and high product yields. Another experiment was carried out in the absence of a base.
Solvent Effects on Heck Reaction.
The olefination of ArBr with styrene using Pd/TiO 2 and Et 3 N as base at 100 ∘ C was used to study the effect of various solvents. DMF, Toluene, MeOH, and EtOH were screened for the activity and selectivity in Heck reactions.
Effect of Catalyst Loading. The coupling of ArBr with styrene using DMF as solvent and NaOAc as base at 140 ∘ C was used to study the effect of various catalyst loading. The volume of the solvent, base, temperature, and time were kept constant. The experiments were repeated using 0.05, 00.1, 0.2, and 0.3 mol% Pd and the conversion was measured using GC-FID. In the control experiment, no catalyst was added. 
Recycling and Heterogeneity of the Catalyst
Recycling. After the reaction was completed, the solid catalyst Pd/TiO 2 was first washed with dichloromethane to remove organic components. It was then with water to remove the base and salts. The catalyst was separated by centrifuging and finally washed with acetone to remove any adsorbed organic substrate, followed by drying at 120 ∘ C for 4 h as reported by Li and coworkers [12, 25] .
Heterogeneity Test. To confirm whether the reaction took place on the surface or it leached, a hot filtration was carried out after 1 h and the progress of reaction was further monitored using GC-FID up to 6 h.
In an alternative method, the clear filtrate was collected in a glass vessel immediately after hot filtration, with careful evaporation to expel the organic compounds. The sample was then dissolved in 3 mL aqua regia, diluted to 10 mL, and the solution was filtered. The palladium content in solution was determined by ICP-OES, Spectro Arcos (Germany). Multiple analyses were applied for each sample for better accuracy.
Percent Conversion of ArBr as Time Increases.
The general procedure described under Section 2.6 was followed. 2 ml samples were drawn from the reaction vessel after 10, 20, 30, 40, 50, 60, 120, 180, 240, 300, and 360 minutes and the product yields were analyzed using GC-FID.
Results and Discussion
Inspired by the reports of Obuya and her team in 2011, we electrospun TiO 2 NF and adsorbed Pd NPs on the fibers. Information about the surface was obtained from SEM images shown in Figure 1 . Figure 1(a) shows the PMMA/TIP NF after electrospinning, Figure 1 (b) after hydrolysis, and Figure 1 (c) after calcination. The fibers appeared smooth and had a diameter of 350 ± 50 nm. On calcination in air at 500 ∘ C, the NF diameters reduced to 180 ± 60 nm. On adding Pd NPs, the SEM images revealed small spots on the fibers representing palladium nanoparticles (Figures 1(d) and 1(e) ).
SEM Analysis.
Elemental Analysis Using EDX.
The elemental composition of the as-synthesized Pd/TiO 2 was investigated by EDS and elemental mapping. The presence of various well-defined peaks of Pd, oxygen (O), and Ti confirmed the formation of Pd/TiO 2 (Figure 2(a) ). The presence of the carbon peaks could be attributed to residual organics from the incomplete combustion of PMMA during calcination and the carbon that was coated on the fibers.
To confirm the distribution of Pd, O, and Ti ions onto the lattice surface, elemental mapping of the area is shown in Figure 2(b) . The analysis shows that Pd, O, and Ti are distributed over the whole material, which further confirmed the formation of a moderately dispersed Pd/TiO 2 . (yellow for Pd and blue for TiO 2 ).
Confirmation of Absence of Organic Polymer in TiO 2
Nanofibers Using FTIR. Figure 3 shows the FT-IR spectra of the PMMA, PMMA-TIP, and calcined TiO 2 recorded on Perkin-Elmer 100 spectrophotometer FTIR series (Tokyo, Japan).
The PMMA spectrum, Figure 3( [26] . This confirmed the presence of TIP in PMMA. Figure 3(b) shows the TiO 2 spectrum. The removal of PMMA during calcination was confirmed by the absence of CH bending and stretching modes and presence of Ti-O stretch at ∼600 cm −1 in the TiO 2 spectrum.
TEM Analysis of Pd/TiO 2 Catalyst.
Further morphological characterization of the synthesized catalyst was done using TEM. The deposition of Pd on TiO 2 was as shown in Figure 4 . The surface of the NF has dark shades representing the denser Pd NPs with estimated diameters of between 10 nm and 40 nm while the light shade is for the less dense TiO 2 . The calcined fibers had a diameter of 180 ± 60 nm. On zooming in on Pd NPs at lower magnification, the Pd NPs were not well resolved. A few of the Pd particles were completely inside the NF, while some others were partially inside and partially outside the NF to some extent. TEM images were a proof of the successful nucleation and particle deposition on porous TiO 2 surface. Figure 5 shows the XRD pattern of the calcined sample at 500 ∘ C in air for 4 h. ICDD database Pd/TiO 2 , the peak widths in Pd/TiO 2 increased, implying particle size reduction due to formation of Pd/TiO 2 .
XRD Analysis.
BET Analysis.
The BET surface area calculated from the monolayer of the nitrogen gas adsorbed was determined to be 53.4 m 2 /g for TiO 2 and 43.4 m 2 /g for Pd/TiO 2 , the difference indicating the filling up of the pores. The isotherm plots revealed a type IV hysteresis loop with capillary condensation occurring in the pores. Per IUPAC classification, the results gave a typical type IV isotherm, Figure 6 (b). The hysteresis loop suggests mesoporous structure with pore condensation at high pressure. The BJH single point pore volume was 0.170926 cm 3 /g and pore size was 12.7873 nm ( Figure 5(a) ).
The porosity and total intrusion volume for the synthesized 1 wt% Pd/TiO 2 sample were 34.52% and 0.17 mL/g. A comparison between these values and porosity (44.27%) and total intrusion volume (0.19 mL) for TiO 2 doped indicates a decrease in porosity and total intrusion volume. This indicates that the catalysts were mostly dispersed on the surface of the TiO 2 instead of also being embedded within the pores of TiO 2 .
In comparison with what was reported by Wojcieszak and his group, the BET surface area obtained was much higher. Wojcieszak's group prepared Pd/TiO 2 using different methods (wet-impregnation, sol-gel, hydrazine reduction, and reverse microemulsion) and obtained very low surface areas (8-9 m 2 /g) [28] . Obuya and her team did apply electrospinning in preparing the same catalyst and obtained a catalyst with a surface area of 93 m 2 /g which was quite high compared to the one reported in this thesis. This implied that electrospinning is a superior method for preparing high surface area NF. The difference between the surface area obtained by Obuya and her group and what is reported here could have resulted from local improvisations made on the electrospinning apparatus, lack of a pump, and use of glass Pasteur pipettes. Another reason could have been because of Pd NP preparation method and average molecular weight of the polymer [22] .
Catalyst Application.
Coupling reaction between ArBr and styrene was chosen as a model reaction (Scheme 2). The Pd/TiO 2 supported catalyst was prepared as described in the experimental section and was used as-synthesized. The catalytic data for Pd/TiO 2 are displayed in Table 2 .
Effect of Base.
Et 3 N, an organic liquid base, was used with variable solvents (Toluene, MeOH, EtOH, and DMF) in the presence of 0.05% Pd loading. Et 3 N gave a higher conversion [12] with DMF as the solvent (Table 2 , entry (4)). This is in agreement with what is reported in literature; the rates of reaction have been found to be faster in polar aprotic solvents (DMF) than in polar protic (MeOH, H 2 O and EtOH) and nonpolar solvents like Toluene [29] . This could be attributed to the fact that polar protic solvents are favourable for SN1 substitution reactions and hence will consume the strong bases in a side reaction. On the other hand, polar aprotic solvents are favourable for SN2 substitution reactions, believed to be taking place in the proposed mechanism hence higher product yields [22] .
Effect of Bases.
Based on literature survey, K 2 CO 3 , NaOAc, Na 2 CO 3 , and Et 3 N bases were selected for screening. NaOAc improved yields in the presence of the polar DMF ( Table 2 , entry (6)). Inorganic bases recorded poor yields due to relative insolubility effects of the inorganic bases in the organic reaction matrix [13] . There was no conversion achieved when the reaction was carried out in the absence of a base. This indicates that removal of base from the reaction media inhibits the HR mechanism. It was suggested from an early point of HR mechanism that bases were needed to deprotonate the hydridopalladium complex formed at theelimination step in order to regenerate Pd(0). Li and his group used NaOAc as a base in their experiments and obtained 78% conversion [12] .
Effect of Catalyst Loading.
The catalytic activity of the system was investigated by varying the amount of catalyst. It was observed that 0.2 mol% (with respect to ArX) was sufficient for near completion giving a yield of 89.7% (Table 2 , entry (13)). The effect of TiO 2 and Pd(acac) 2 as individual catalyst for the same reaction was also carried out and the result showed formation of a coupling reaction product in low yields (Table 2 , entry (17) and entry (18)). This proves a synergistic effect of Pd and TiO 2 (Pd/TiO 2 ) NPs for enhancement of coupling yields in heterogenous system. No conversion was achieved when no catalyst was added to the reaction vessel.
Effect of Temperature.
No conversion was achieved when the reaction was carried out at room temperature, but as the temperature increased, the reaction rate increased ( Table 2 , entries (11)- (13)). The conversion increased from 56.3 to 89.0% under the same reaction time. An increase in temperature was accompanied by an increase in the reaction rate due to increase in average kinetic energy of molecules and more collisions per unit time. The catalyst exhibited stability at high reaction temperatures up to 140 ∘ C. This can be attributed to the thermal stability of TiO 2 support and thus enhanced catalyst activity at high reaction temperatures. Homogenous Pd complexes will not be thermally stable at these temperatures [30] .
Catalytic Properties.
The synthesized Pd/TiO 2 catalyst exhibited high activity and selectivity in the Heck reaction of ArBr with styrene (Scheme 1). E-stilbene was observed as the main product in all cases.
A typical spectrum is given in Figure 6 . The retention time of the chemical compounds in this experiment is STY (12.3 min), ArX (13.5 min), and stilbene (26.7 min) (Figure 7) . The products were identified by GC-FID Varian 3900 series.
The catalyst was found to be highly active under air with reaction temperatures up to 140 ∘ C. Optimized reaction condition resulted in 89.7% conversions with a TON of 1993. 4 and TOF value of 332.2 hr −1 .
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Heck Product Identification.
All the products are known compounds and the spectral data and melting points were identified by comparing with those reported in literature.
3.14. E-Stilbene. Analytical data: m.p.: 118 ∘ C; 1 H NMR: CDCl 3 , 400 MHz: 7.52 (d, 3 = 7.0 Hz, 4H, ortho-vinyl-C 6 H 5 ); 7.36 (t, 3 = 7.5 Hz, 4H, meta-vinyl-C 6 H 5 ); 7.27 (t, 3 = 7.0 Hz, 2H, para-vinyl-C 6 H 5 ); 7.12 (s, 2H, CHvinyl). 
Percent Conversion of ArBr as Time Increases.
Time dependence of the yield under the optimized condition was studied. The reaction of ArBr with styrene came to near completion after 100 minutes (Figure 8 ).
The conversion was a bit slow in the first 15 minutes during induction period after which there was a gradual rise in the conversion up to about 83%. The conversion improved to 89.7% in the second hour and remained almost the same for the next 4 h. This implies that the conversion occurs in the first 60 minutes. ( Figure 9 ) and even a slightly increased activity after two runs.
In the first cycle, the coupling product was obtained with a yield of 89.7%. After the products and residual reactants were extracted, new starting materials were added to the remnant that contained the catalyst from the first reaction.
After stirring for another 6 h at 140 ∘ C, the product yield was 85% in the second cycle. Similarly, the third cycle afforded a yield of 80%, and the subsequent fourth cycle afforded a 20% yield. The yield of the fourth cycle decreased greatly when comparing with the first cycle probably due to the conglomeration of particles and loss of the catalyst. The recycling could have also been hampered by partial structural damage to support and deactivation by coke deposition as also reported by Dams and his team (Dams et al., 2002). There was also observed increase in mass of the solid due to the presence of the catalyst, solid base, and salt making reproducibility difficult after every run. In addition to that, washing with water after separation reduced the activity of the catalysts. Filtering also leads to loss of some catalyst material. Figure 10 shows the progress of the reaction after removal of the catalyst.
Pd Leaching Using Hot Filtration Test.
There is very minimal noticeable change in the % conversion as the reaction progresses. This implied that minimal or no leaching occurred in the reaction. The activity reported in this paper could therefore be assumed to have arisen from the adsorbed Pd metal particles on the exterior surface of the TiO 2 NF, with more effective filling of the pores within the TiO 2 support. A hot filtration test proved the heterogenous nature of the supported catalyst and without a measurable homogenous contribution. Table 3 gives the results of catalyst leaching in the Heck coupling reaction of ArBr and styrene with 1.6% Pd at 140 ∘ C. According to the ICP-OES analysis, the Pd content of the heterogenous catalyst was determined to be 1.87 mmol/g −1 . The soluble Pd amount was found to range within 1.9-2.5 ppm in the reaction mixture which meets the requirements of less than 5 ppm residual heavy metal in product streams in the pharmaceutical industry [31] . The percentage of Pd leaching/Pd loading was around 1.2%. The soluble leached Pd could likely be responsible for catalysis in Heck coupling reaction of ArBr and styrene. Pd leaching correlates significantly with the progress of the reaction, the nature of the starting materials and products, solvent, base, and atmosphere. These results agree with Shmidt and Mametova's observation of the oxidative attack of the halide to the metal crystallites, yielding directly Pd(II) in solution [32] . As indicated in previous literature reports, presence of Pd(II) ions in the reaction mixture indicates the Pd/TiO 2 catalyst is quasi-homogenous [11] . Comparable results were obtained by Nasrollahzadeh and coworkers in 2014. Nasrollahzadeh's group prepared 1% Pd/TiO 2 from commercial TiO 2 . Pd NPs of diameter 40 nm were dispersed on the TiO 2 using simple drop drying process. The catalyst was found effective in ArI (1.0 mmol)-STY (1.5 mmol) HR coupling using Et 3 N base (2.0 mmol) and DMF solvent (4 mL) at 140 ∘ C for 24 h, giving 93% conversion. 0.2 ppm Pd was leached during the reaction. However, the dispersion of the Pd NPs was not reported by the group. They also carried their experiment under nitrogen.
Metal Leaching and the Nature of Catalysis.
In this paper, TiO 2 NF were prepared through electrospinning and Pd(acac) 2 precursor was used to deposit Pd NPs of ∼12 nm on the NF through deposition-reduction method. The catalyst was found effective in ArCl (0.2 mmol)-STY (1.2 mmol) HR coupling using NaOAc base (2.0 mmol) and DMF solvent (4 mL) at 140 ∘ C for 6 h, giving 89.7% conversion. 2.2 ppm Pd was leached during the reaction.
The differences in the % conversion for the experiments could have been attributed to the differences in the bases used, the atmosphere in which the experiment was carried out, the hours the reaction took, the method of preparing the catalyst, the catalyst loading, and moles of styrene used with respect to ArX. While our team carried out the reaction under air, Nasrollahzadeh worked under nitrogen inert atmosphere. This probably hindered the recycling of the catalyst due to ease in agglomeration of Pd NPs. It is noted that the amount of Pd leached in our experiment was higher. Less Pd was leached in the Nasrollahzadeh probably due to effective filling of the pores in the catalyst than the one reported in this paper. Lastly, Nasrollahzadeh's group allowed the reaction to run for longer hours (24 h) allowing more time for more Pd NPs to be reused in the mechanism.
In 2011, Obuya and coworkers used photo-deposited Pd NPs of diameter 2-5 nm on electrospun TiO 2 NF of diameters 150 ± 50 nm. The product yield was 93% at optimized conditions and it had a TOF of 7.85 min −1 [22] . Although our group used an approach almost like the approach of Obuya and her team, the percentage conversion obtained for the coupling of ArBr-STY in this paper was slightly lower (93% versus 89.7%). This was probably due to the catalyst prepared by Obuya and her group having TiO 2 NF having a higher surface area (93 m 2 /g versus 53 m 2 /g) and use of a phase transfer salt during the coupling reaction. Another reason could be the differences in Pd particle size (2-5 nm versus 10-40 nm) and the distribution of Pd NP on the TiO 2 NF. In this paper, it was observed that the Pd NPs were not as evenly distributed as in Obuya's case.
3.19.
Mechanism. Upon heating, electrons from TiO 2 NF are excited from the valence band into the unoccupied conduction band and positive holes are formed in the conduction band. These electrons from the conduction band can easily transfer to the Pd NPs surface generating electron heterogeneity at the Pd/TiO 2 surface. Thus, it is reasonable to expect the Pd sites with the energetic electrons at the Pd/TiO 2 surface will exhibit superior catalytic activity to that of palladium salt or TiO 2 alone. The ArBr is oxidatively added to the palladium to form a coordinatively unsaturated Pd complex-a characteristic of many coupling reactions. A _-complex is then formed by association with the electron rich alkene, leading to the formation of a new C-C bond. -hydride elimination occurs to form product. The catalytic active Pd species is regenerated in the presence of NaOAc base and is recycled in a similar reaction cycle.
Heck Cross-Coupling Reaction of ArBr and Methyl
Acrylate. The optimum conditions identified were employed in the coupling reaction of ArBr with methyl acrylate in the presence of the synthesized catalyst, Pd/TiO 2 (see Scheme 3).
ArBr and methyl acrylate went to completion giving a % conversion of 80.6. The product was identified as E-methyl cinnamate. As seen in Table 1 , Li and his coworkers are the only group that carried out this reaction using Pd/TiO 2 . In the 2010, Li and his coworkers synthesized 0.1 to 0.5% Pd/TiO 2 by adsorption method by pH control and applied it in the Heck system of ArBr and methyl acrylate in the presence of 0.26% Pd/TiO 2 catalyst loading in the presence of KOAc and DMA gave 79% yield of product. Comparing the percent conversion for Li and his group and our group, there is only a slight increase in percentage conversion (79% versus 80.6%). Our results are in agreement with Li and his group [12] .
E-Methyl
Conclusions
Pd/TiO 2 catalyst prepared by electrospinning exhibits comparable activity and selectivity in the formation of carbon-carbon bonds by Heck reaction when compared to similar heterogeneous HR. Activated aryl bromides show a higher turnover at 140 ∘ C after few hours using the heterogeneous catalysts when compared to aryl chlorides. The activity of the catalysts can somehow be correlated with the nature of the support and the palladium dispersion and size. The catalysts can be recycled and reused with some significant loss of activity. The observed residual activity of the homogeneous solution after separation of the solid catalyst is found to be dependent on the filtration procedure, reaction condition, and dispersion of the metal on the support. Although there are several indications for a heterogeneous reaction mechanism, the participation of resolved Pd species (colloids or complexes) cannot be excluded.
These results reveal the potential of synthesized Pd/TiO 2 as efficient catalyst for industrial applications. The coupling reactions of aryl bromides with different olefins required higher temperature and extended reaction times. Optimized reaction condition resulted in 89.7% conversion with a TON of 1993.4 and TOF value of 332.2 hr −1 for ArBr-styrene system and 79% TON 1044 and TOF 174 hr −1 for ArBr-methyl acrylate system.
The method has the advantage of high yields, elimination of ligand and homogenous catalyst, simple methodology, and easy work up. The catalyst is eco-friendly and stable because it produces little waste and can be recovered and successfully reused without the significant loss of activity.
On atom economy, it is observed that all reagents and material used were incorporated into the final product. Secondly, we worked at relatively lower temperature and ambient pressure, which are both a factor for energy efficiency. Finally, unnecessary derivatization was avoided.
